Abstract The paper considers the role of anaerobic digestion in promoting good agricultural practice on farms and the contribution this would make to reducing the environmental impacts associated with manure management. There are no regulatory drivers to promote the use of digestion in Europe, and the technology has only been widely adopted where economic drivers and coherent policies have been implemented at a national level. These measures have included direct subsidy on the energy price paid for "green electricity", and exemption of tax when biogas is used as a vehicle fuel. In those countries where financial incentives are not available or where a financial penalty is incurred through the regulatory regime, the uptake of digestion has been poor. Even with subsidies, digestion of animal manures as a single substrate is not common, and countries with successful schemes have achieved this either by permitting the import of wastes onto the farm or offering bonus subsidies for the use of energy crops. Both of these measures improve the energy efficiency of the process by increasing the volumetric methane production, although concerns are expressed that attention could concentrate on energy production at the expense of improving manure management.
Introduction
Although anaerobic digestion (AD) is a well known technology for treatment of animal slurries, its application on farms in the developed world, especially in Europe and North America, is uncommon. There are several reasons for this, but essentially the economics of the process when using an energy-depleted feedstock such as animal manure are not favourable. There are also a number of reasons why the use of AD should be considered, as a means of promoting good agricultural practice and environmental protection. It is unlikely, however, that there will be widespread adoption of anaerobic digestion in agriculture without either regulatory drivers or financial incentives. It is clear that, if market forces are the only instrument driving the installation of AD plants on farms, little progress will be made in a fossil fuel subsidised world economy. If AD could produce competitively-priced energy from agricultural wastes, then those market forces would already have stimulated the utilisation of the huge biomass resource available in the form of manures and non-edible crop residues: suitable process technology has been available for the past 25 years. Yet the number of AD plants in operation on farms is small: in the UK, for example, only 0.01% of farms have a digester. This paper summarises the potential environmental benefits of AD, considers some potential feedstocks and on-farm energy production strategies, and provides examples of policies that have promoted or inhibited the adoption of AD in Europe.
Improving the environmental performance of farming by AD Anaerobic digestion can play a role in helping to abate emissions of greenhouse gases (GHG), to which agriculture contributes about 10% of the EU's total emissions in tonnes of CO 2 equivalent. These emissions come from three main sources: manure management, which can result in the uncontrolled release of methane; enteric fermentations of ruminant animals; and release of N 2 O from the soil as a result of fertiliser application. Of these, manure management gave rise to an estimated 66.4 million tonnes of CO 2 equivalent in 2002 (EEA, 2006 . Reduction in methane emissions is an important element in strategies for climate change management, as it is a short-lived greenhouse gas with an atmospheric lifetime of approximately 12 years. Because of this, reduction in global methane emissions could have a rapid and significant positive effect on atmospheric warming (Gunning and Kruger, 2006) . Of the options considered for methane emission reduction in the EU, only AD is thought to be within the current economic boundary permit price of e20 tonne 21 CO 2 equivalents, although this boundary could rise to as much e65 by 2030 (EEA, 2005) . It is difficult to consider greenhouse gas emissions outside the context of energy, and in developing a European strategy to meet the obligations of the Kyoto agreement targets have been included for the EU25 to produce 12% of its energy from renewable sources by 2010: if biomass only maintains its current 63% contribution to renewables, then 7.5% of energy in Europe will be derived from this source. AD has a major role to play in this, as it is currently the only technology at the market place capable of yielding positive energy balances from "wet" heterogeneous waste biomass sources. If an overall strategy for energy and climate change management includes digestion of animal manures then, assuming that each tonne of manure generates 20 m 3 of methane with a CO 2 equivalent displacement value of 0.2 kg kWh 21 , the energy generated from methane capture could displace a further 30 million tonnes of CO 2 equivalent that would otherwise be generated by fossil fuel usage. In the foreseeable future it is possible that the greatest incentives for the uptake of AD on farms will be the need to reduce greenhouse gas (GHG) emissions for those countries signed up to the Kyoto agreement, as a cost-effective approach within current economic targets.
There is concern across Europe about the declining organic content of soils, and measures to remedy this are anticipated in the European Soil Strategy, which is intended to incorporate the concepts outlined in the formerly proposed Biowaste Directive (CEC, 2001 ). Nutrient management is another related issue, which has been partially addressed through the EU Nitrates Directive 91/676/EEC (CEC, 1991) and also through the adoption of codes of good agricultural practice in compliance with reforms to the Common Agricultural Policy. Even so, it could be argued that these measures fall short of what is required to deliver a sustainable nutrient management system. The application of manures back to land, although of benefit in the recycling of nutrients, can have adverse environmental impacts if not carefully managed. Most manure application is managed on the basis of the nitrogen application rate: in nitrogen sensitive zones this corresponds to a limit of 170 kg N ha 21 year
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, with restrictions on spreading procedures. In raw animal manure, 30 -50% of the nitrogen is in organic form with the rest as ammonia. Ammonia can be converted to nitrate for plant uptake, while some plants may use ammonia directly; its use as a fertiliser is well known and predictable. Nitrogen in the organic form, on the other hand, must first be mineralised into soil solution for it to be either used by plants or converted for plant use. The extent of nutrient uptake by plants from manures depends on the time of application, and there is always the possibility that nutrients will be leached from the soil in periods when plants are unable to take them up. Anaerobic digestion converts much of the organic N into ammonia, yielding a digestate with 60-80% of the total nitrogen content in the form of ammonia. This makes it much more predictable for use as a fertiliser, minimises leaching losses and is in keeping with the development and support of good agricultural practices.
On-farm energy production
It is evident that, despite the existence of large volumes of animal manure and the positive incentives available in some countries to promote digestion, the economics of using this material as a single substrate are unfavourable. Most successful agriculturally-based digestion schemes in Europe have therefore developed along the lines of co-digestion of manures with other "energy-rich" substrates. There is, however, a shortage of these substrates in comparison to the availability of manure, which is thought to represent about 91% of the Europe's total organic wastes, with an estimated production of around 1,250 million tonnes annually. Potential waste co-substrates are from industrial organic wastes (3%), sewage sludge (2%), and municipal solid waste (4%) (Holm Nielsen and Al Seadi, 1997) . There are also crop wastes produced on the farm but, since much of this material never leaves the field it is grown in, it can be difficult to account for in a materials flow analysis, as often only the yield of the produce itself is recorded. Coupled with the fact that there are alternative uses for residues, e.g. as animal feed and bedding, fertiliser source and for erosion control, this has made it difficult to agree on a common methodology for determining what is a recoverable residue, and estimates vary by a factor of five. Such residues are worth considering, however, as it has been estimated that on a global scale less than half the biomass currently produced by agriculture is consumed as food or feed, and the remainder is discarded as waste (Righelato, 1980) . With the exception of cereals, agricultural biomass is generally harvested as a rather wet solid material, containing a mixture of chemical species with a rather low energy density. A variety of processes are available for converting this to useful fuel: drying and compressing is adequate for some combustion needs, but to use this waste resource for the production of gaseous or liquid fuels that command a premium value requires processing and conversion (Righelato, 1980) . For most of these residues, AD is the only technology already in the market place with the capability both of adding value via fuel production whilst retaining (and improving) the fertiliser value of the material at the point of future use.
It is not the aim of the current paper to make estimates of crop residues on a global basis: a number of works have already attempted this (Hall et al., 1993; Woods and Hall, 1994; Smil, 1999) . Table 1 gives an estimate of the likely quantity of some arable crop residues based on coefficients derived for the purposes of calculating hidden flows. The coefficient values are taken from Gazley and Francis (2005) , but different values suggested by other authors are also in use. This is to be expected, as yields and harvesting techniques vary greatly from area to area and are affected both by natural factors, such as climatic variability, and by human input factors, such as fertilisers. There is generally good agreement between different sources for crops such as sugar beet and wheat; but for crops such as potatoes the ratio can vary as much as from 0.03 to 0.63. Taking sugar beet production in the UK as an example of the potential of some of these wastes for biogas production, the estimated yield from the 4.5 million tonne residue of the 2005 harvest had a methane potential of 51 million m 3 or 438,000 tonnes oil equivalent (toe).
This is sufficient to supply 1% of the UK's road transport needs, whereas the estimated 100 million wet tonnes of cattle slurry collected in the UK would provide about 4%. Not all crop residues are ideal for biogas production, however, and those crops which are harvested dry and produce straw are on the whole less suitable. One approach to improving farm biogas production is the use of co-digestion with wastes imported onto the farm or biomass grown on the farm as energy crop co-digestates. This stems from the increasing interest in the value of energy from the process, which has focused attention on maximising the value of agricultural biogas installation. In small and medium-sized agricultural digesters, co-digestion of imported waste can considerably improve volumetric biogas production and, in some cases, also improve digestate properties. It also provides the possibility of direct income generation through gate fees. Provided sufficient farmland is available, the additional digestate volume can be cost-effectively recycled as a fertiliser. Although co-digestion can improve volumetric gas production it is not always without economic penalties, and careful consideration needs to be given as to whether the value of the additional biogas or gate fees can offset any additional costs in ensuring reliable digester operation. This might entail additional equipment to remove impurities; improved digester mixing to prevent sedimentation or flotation of materials; process modification to include a sanitisation stage, if the waste is regulated under the European Animal By-products Regulations (CEC, 2002); and possibly down-stream maturation of the digestate. All of these can add considerably to investment and operating costs.
An alternative means of maximising farm energy production is the use of biomass grown specifically for its high biogas productivity. These so called energy-crops have many advantages, as they can be grown on fallow land and then fed to the digester directly or after ensilage. However, the overall economics of energy crop co-digestion depends crucially on crop yield, raw material production costs, achievable energy prices, biogas yields and on the degree of energy utilisation (Braun, 2002) . The methane potential of manures, some typical industrial/commercial wastes, and agricultural energy crops as published by the German Biogas Association (Kottner, 2004) are shown in Table 2 .
In summary, it may be difficult to justify the use of anaerobic digestion as a competitive energy source when only agricultural wastes and, in particular, animal manures are considered as substrates; but there are good reasons to justify it from an environmental perspective. These considerations may ultimately be the major driving force in promoting the use of digestion on farms. Even so, every effort should be made to maximise the energy efficiency of the process, reduce the economic burden of subsidy, and maximise the potential for beneficial use of the process residues. There are a number of ways in which these goals could be approached, and in countries within the EU where there has been a political will to promote agricultural usage of digestion different policies have been adopted to reflect local circumstances.
Agricultural digestion in Europe
Across Europe in general there are no restrictions on digestion of agricultural residues on the farm on which they were produced; and as a result of a ruling by the European Court of Justice (ECJ, 2005) agricultural residues from other farms can be imported onto a farm provided they can be shown to benefit the farming practice of the importer. Differences exist between countries on policies regarding the import of wastes that do not come directly from other farms. These include organic industrial, commercial and municipal wastes which are classified as such under the provisions of the European Waste Framework Directive 75/442/1975 75/442/ (CEC, 1975 , and wastes that contain materials of animal origin in accordance with the European Animal By-Products Regulations (CEC, 2002) . Within the context of the Directive and Regulation, different countries have adopted local policies that have had the effect of either promoting or repressing farm digestion. Renewable energy policies within member states of the EU25 also differ, and again some have been favourable to the promotion of farm-scale digestion whilst others have been neutral. Although there is no formal European requirement for the stabilisation of agricultural residues to comply with nutrient management policies, in some countries digestion has been seen as a practical means of achieving a more flexible approach to this, with subsidies to promote AD for this purpose. The extent to which digestion has been or is being adopted in different countries in Europe is mirrored in the support given through one or a combination of the above policies, which determines the economic viability of the process. Where there has been no policy incentive, digestion on farms is usually very limited; when incentives previously in place are removed, uptake stagnates; and when progressive long-term policies are implemented, farmers have been shown to be willing to adopt the technology. Further incentives could become available in future as a result of European initiatives for rural development, and these are reflected in the European Council Regulation (EC) No 1698/2005 on support for rural development by the EAFRD (CEC, 2005a) and also in the Community Strategic Guidelines for Rural Development 2007 -2013 (CEC, 2005b . It is also possible that carbon trading could be introduced within the agricultural sector of the EU, as is beginning to happen elsewhere in the world. If so, anaerobic digestion could play a major role, by trading both the reduction in CO 2 equivalent emissions and CO 2 savings by displacement of fossil fuels. This system is already providing income for pig farmers in Latin America from industrial giants in the US (Barker, 2005) . At the current trading price this would provide another financial incentive for adoption of on-farm digestion in the EU.
Policies promoting or retarding the adoption of the technology
The following sections give some examples of how European Directives, national and regional policies have influenced AD development in the agricultural sector. Attention is focused on what has made schemes work; why some are running into difficulty; and what the benefits have been; and drivers are identified that may be used to further promote AD and to realise the environmental benefits that result from more widespread application are discussed.
Denmark was the first European country to encourage in a coordinated manner the widespread use of AD for agricultural wastes. In 1988 a Biogas Action Programme was set up focussing on construction and monitoring of AD plants, information activities and R&D. It also included economic measures to encourage investment for centralised plants, with grants of up to 40% of capital costs, long-term low-interest loans, tax exemptions and subsidies for bio-electricity. There was also the further incentive of heat sales from CHP for 6-9 months of the year through district heating networks. The programme was an example of a coherent and ambitious government policy that was aimed, in the first instance, at improving farm management and nutrient control. The whole area used for farming in Denmark is designated as vulnerable under the EU Nitrates directive. This means a requirement for 9-month manure storage capacity, plus restrictions on fertiliser application and on landfilling of organics. As a result of economic subsidies and the need to comply with environmental directives, there are now 20 centralised and over 35 farmscale plants for digestion of slurry and organic waste treating over 1 million tonnes of animal slurry per year. Due to policy changes, and in particular the introduction of the Bill to Amend the Act on Subsidies for Electricity Production, no new centralised plants have been established since 2002, and the development of farm-scale plants has slowed down. As part of its policy, Denmark has encouraged the digestion on farms of a limited number of food processing wastes including those from abattoirs, but with the restriction that the weight added should be no more than 20% of that of animal slurry, and with protection of the environment through the introduction of the so-called "Harmony rules". These lay down standards for livestock density and limit the amount of manure (solid or liquid) applied per hectare per year, which may not exceed an amount corresponding to 1.4 animal units or for pure cattle farm manure corresponding to 2.3 animal units. Digestate product standards are also in place. Electricity generation has been the favoured use for the biogas because prices were guaranteed for plants built during the time the scheme was in operation (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . These are currently 0.079 e kWh
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, reducing to 0.053 e kWh 21 in 2014. The industry has also benefited as a result of the policy for decentralised CHP and the existence of district heating systems as a market for the heat from CHP. The current setback in biogas plants is partly caused by a shift in energy and environmental policies and limited availability of organic waste. The biggest factor, however, is that there is no longer a guaranteed price for the electricity generated by new schemes. Like Denmark, Finland was also declared a nitrate sensitive zone with a requirement for 12 months storage of animal slurry. Throughout the 1990s and until recently, however, the government offered no assistance or incentives to farmers for the construction of AD plants. There is now a scheme in place offering a subsidised price for biogas-generated "green electricity", but it is probably not at a high enough value to stimulate growth or interest in AD from the agricultural sector. Until 2004 the use of biogas as an automotive fuel was taxed at the same rate as fossil fuel: it is now free of tax and this may provide some stimulus for growth, according to Sweden's example where tax-exempt biogas is primarily used as a public transport and service vehicle fuel. As a consequence of lack of aid or coordination, farm-scale anaerobic digestion has been limited to enterprising individual cases. As the Scandinavian countries probably face the most stringent requirements in relation to manure management for compliance with the EU Nitrates Directive it is apparent that this alone has not been a strong enough driving force to stimulate the introduction of AD technology.
Over the last 5 years Germany has seen an unprecedented introduction of biogas plants onto farms. This has primarily been due to the introduction of the "Renewable Energy Law" (Erneuerbare Energien-Gesetz EEG) that came into force in March 2000.
This required the grid providers to connect plants which produce renewable energies and to buy that energy at a fixed price that would cover the real costs of production. These prices were fixed for 20 years for plants in operation before 1 January 2002 and reduce by 1% each year thereafter: thus the year of commissioning determines the compensation over the lifetime of the plant (20 years). The price paid by the grid companies for the electricity depends on the size of the installation and also on a number of other factors, as shown in Table 3 . More than 90% of the 2,500-plus plants so far in operation use co-digestion of animal manure and energy crops for more efficient gas production. Maize and grass are the most common additions, because maize has a high methane yield per hectare and grass is characterised by low input costs. The drivers in this case are financial incentives and subsidies for renewable energy production, but probably the most important factor is the guaranteed price for electricity over a 20-year period. At present demand for biogas plants in Germany is outstripping the capacity to construct them.
Over 30 different organic by-products and wastes from food-and agro-industries are permitted for use in biogas plants, but importing wastes onto the farm leads to reduced subsidies, as policy dictates that these should be processed at commercial rates with gate fees. Consequently, most plants utilise only agricultural residues and energy crops which give a methane yield between 350-450 m 3 tonne 21 of organic dry matter (ODM). As experience grows in operating these plants, the use of energy crops has increased to the point where they are displacing manure as the primary substrate: in fact some plants now operate exclusively on energy crop material. In some respects this is counterproductive, since as noted earlier one of the major benefits of AD is its ability to improve manure management and reduce GHG emissions from raw manure storage. England and Wales have seen virtually no development of farm-based AD despite the relatively high price for "green electricity" under the Renewable Obligations Certificates (ROCs) scheme, which traded between Oct 2005 -March 2006 at around e0.14 kWh. The one plant constructed to date, which was built with European grant aid, followed the Danish model of a centralised digestion scheme, in this case handling the slurry from 25 farms with some imported food waste to boost energy production. Since coming on stream in 2002 the scheme has been plagued with regulatory problems, mainly resulting from the need for compliance with the EU Waste Framework Directive as a result of co-processing of food wastes with agricultural residues. The operators of the plant need a formal exemption from UK waste management licensing requirements in order to transport, handle and apply the digestate to farm land. This exemption allows spreading of the material by permit, but there is a financial cost associated with this permit which amounts to approximately e200,000 each year. The financial penalties of this permitting system and the perception of farmers that manure, which can be spread on land untreated and is not regarded as a waste, is "transformed into a waste", have been a major obstacle to replication of the concept elsewhere. Perhaps the biggest disincentive is that there is no guaranteed price for energy, making the case for financial support from banks difficult. At the moment in Europe there are no regulatory drivers that require farm based digestion for the purposes of environmental protection or improvement. Even in the nitrate vulnerable zones of Scandinavian countries, where the periods in which manure can be applied to land are very limited, digestion has not been attractive enough for farmers to make the investment themselves. Other potential drivers are support for measures to reduce GHG emissions from agriculture and the depletion of soil organic matter: in future these may have a much more significant role in influencing the adoption of AD. Digestion can play a major role in the diversification of farm activities into the production of renewable energy, and support for this type of activity is likely to be encouraged at a national level through the implementation of EC regulations on rural development. If the support is too heavily biased towards energy production, however, this may be at the expense of environmental protection, as natural agricultural residues from plants and animals with their lower energy potential are displaced by energy crops as one of the mainstays of future farm economies. A balance has to be struck to allow some reward to the farmer for dealing with agricultural residues, and in particular with manures. This could be achieved by financial incentive through the introduction of carbon trading, or simply by subsidy related to the level of methane abatement. Alternatively, limits could be placed on the ratio of high to low energy substrates, with these being set at a level to permit some optimisation of the digestion process for volumetric gas production, allowing biogas to remain competitive as a fuel. This approach would also provide some buffering to the limited availability of residual plant biomass and organic industrial wastes in comparison with manures.
This approach appears to be working well in countries where lists of approved substrates for composting and digestion have been drawn up; but is problematical where national governments do not have in place the necessary controls to protect the environment, other than through measures that can be imposed as a result of the EU Waste Framework Directive. Some harmony is needed across Europe in terms of a regulatory policy regime that will encourage the recycling of organic wastes back to land. The suspended Biowaste Directive offered a way forward, and the outcome of its being subsumed into the Thematic Soil Strategy is eagerly awaited in providing direction on effective organic resource management.
